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bstract
This paper proposes a 43-level asymmetric cascaded multilevel inverter (CMLI) as an interface between renewable energy sources
nd the grid, that has the following advantages:
. The CMLI consists of only four H-bridges per phase, with separate dc sources. Renewable energy sources of different types are
treated as the dc sources of the CMLI (e.g., dc voltage from PV panels, rectified ac voltage from wind turbines, etc.).
. It can interface different types of renewable energy sources instantaneously to feed the ac grid with a nearly sinusoidal voltage
with very low total harmonic distortion (THD).
. It can accommodate natural fluctuations in the renewable energy sources and provide output voltage regulation against many
fluctuations in these sources while keeping very low value of the THD for its output voltage.
An approach using a mixed integer linear programming (MILP) optimization model is applied to determine the switching angles
f the power switches of this CMLI to minimize the values of the undesired low order harmonics. A mathematical model is proposed,
hat can be applied for uniform step CMLIs, and this is applied for normal operation cases. Then a modification to this model is
iven that can be applied for some disturbance cases in the dc sources These models are applied for the single phase and three phase
ases. For each case, an output voltage amplitude is selected first for normal operation at the nominal values of the dc sources, whose
armonics absolute values agree with the IEEE Standards 519-1992 for voltage distortion limits. Then the following disturbance
ases are analyzed:
. Fluctuations of all the dc sources within ±20% of their nominal values.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
. Dropping some dc sources below 80% of their nominal values.
The models are applied under the required value of the output voltage with an allowed deviation within ±5%. Solutions are
btained that give the switching angles of the inverter at these disturbances in the dc sources while keeping low values of the output
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voltage THD, and still satisfying the IEEE standards for voltage distortion limits up to 59 kV for single phase case and up to 161 kV
for three phase case.
© 2016 Production and hosting by Elsevier B.V. on behalf of Electronics Research Institute (ERI). This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Since the early 21st century, opportunities to take advantage of improvements in electronic communication tech-
nology to resolve the limitations and costs of the electrical grid have become apparent. Growing concerns over
environmental damage from fossil-fired power stations has led to a desire to use large amounts of renewable energy.
Dominant forms such as wind power and solar power are highly variable, and so the need for more sophisticated control
systems became apparent, to facilitate the connection of these sources to the otherwise highly controllable grid (Berger
and Iniewski, 2012).
The concept of smart grid may be considered as that in which renewable energy systems are integrated into the
existing power grid. Nowadays, smart grid technologies must allow the electric grid to better adapt to the dynamic
behavior of renewable energy and distributed generation, helping both consumers and utilities to access their resources
and harvest their benefits. Today’s grid needs to shift from centralized supply sources to fixed predicable loads, and
accept power from the renewable and distributed energy sources allover the grid. Since these sources are intermittent in
nature, the grid needs integrating monitoring and control, as well as integration with substation automation, to control
different energy flows and plan for standby capacity to absorb intermittent generation (Bouzguenda et al., 2011). The
need for standby capacity, which may be in the form of energy storage units, could be reduced if the interfacing unit
between the renewable energy sources and the grid can provide voltage regulation against some disturbances in these
sources.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
This paper proposes a cascaded multilevel inverter (CMLI) as an interface between renewable energy sources and
the grid, since it is the most recent and popular type of inverters, that synthesizes a desired sinusoidal voltage from
several separate dc voltage sources. The general construction of a single phase CMLI is shown in Fig. 1. It consists of
Fig. 1. A cascaded multilevel with S dc sources.
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2Fig. 2. A staircase output voltage wave form.
number of H-bridges fed with dc voltages sources E1, E2, and ES . The output voltage is usually constructed in a stair
ase shape with quarter wave symmetry, Fig. 2, to approach synthesizing a sinusoidal wave form (Malinowoki, 2010).
Renewable energy sources of different types are treated as the dc sources (e.g., dc voltage from PV panels, rectified
c voltage from wind turbines, etc.) on the dc side of the CMLI. These dc sources may be different sources of different
ature, or originated from a single dc source using capacitors (Tsang and Chan, 2012), or transformers (Panda and
uresh, 2012). The number of the dc sources may be reduced by using input transformers (Rotella et al., 2009). Natural
uctuations in the renewable energy sources are treated as disturbances in the input dc sources of the CMLI.
The 43-level CMLI is proposed as the interface CMLI, since it can produce an output voltage with nearly sinusoidal
ave form (El-Bakry, 2014a). This paper shows that this inverter can also provide output voltage regulation under
ifferent disturbances in its dc sources.
The 43-level single phase CMLI may be realized either as (Khoucha et al., 2011),
a symmetric CMLI with 21 identical H-bridges with equal dc sources E = E1 = E2 = .  .  . = E21, which are switched
on positively sequentially within the positive quarter time cycle of the fundamental voltage to produced 21 positive
uniform step levels: E, 2E,. . ., and 21E, or as
a quartile asymmetric CMLI that consists of only four H-bridges with four dc sources E1 = E, E2 = 2E, E3 = 7E and
E4 = 11E. The dc sources E1 and E2 may be switched positively or negatively with E3 and E4 within the positive
quarter time cycle of the fundamental voltage to produce the 21 positive uniform step levels: E, 2E.  .  . and 21E.
The 43-level asymmetric CMLI is considered here as the interfacing inverter, since it is simpler and can provide the
equired functions.
A new approach using a mixed integer linear programming (MILP) optimization model was introduced in El-Bakry
2014a) to determine the switching angles of the 43-level CMLI that minimizes the values of the undesired low order
armonics. The proposed MILP model was applied for single phase and three phase 43-level CMLI, and showed low
HD under wide range of amplitudes of the output main harmonic voltage, which agree with the IEEE Standards 519-
992 for voltage distortion limits (IEEE Standard 519-1992, 1993). In this paper, the basic MILP mathematical model
s introduced, and a modification in the model is added to allow for some types of disturbances in the dc sources. First,
he basic model is applied for selecting normal operation output voltage amplitude, where all the input dc sources of
he inverter have their nominal values, for single phase and three phase operation. Then voltage regulation capabilities
f this inverter are investigated under some disturbances in the dc sources.
. The basic mathematical model
The general uniform step asymmetric CMLI, or symmetric CMLI, is considered, where all the inverter levels are
paced equally with a step height E. It is assumed, without loss of generality, that the inverter levels are equally spaced
y 1 V, i.e., normalized with respect to the dc voltage E. It is assumed also that the inverter output voltage wave
orm F(wt) has a quarter wave symmetry, as that shown in Fig. 2. The pattern of this function is generated by on andPlease cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
ff switching of the inverter H-bridges semiconductor power switches, and is completely determined by defining the
witching pattern over the interval 0 ≤ wt ≤  π/2. The basic approach depends on dividing this interval into N equal
mall subintervals, starting at the angles 0, τ, 2τ,.  .  ., (I  − 1) τ,. .  ., till (N − 1) τ., where τ = π/2N, Fig. 3 (El-Bakry,
010).
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F(wt) 
                X2
               X1 XI                          X N
                                                                        XN-1 
wt0      τ     2τ 3τ               Iτ                  Nτ
Fig. 3. Representation of F(wt) by XI , I = 1, 2,. . ., N.
The positive integer values XI , I = 1, 2,.  . ., N are defined over each subinterval, to represent the required instantaneous
output voltage level value F(wt) of the inverter, so that F(wt) is defined over the interval 0 ≤ wt ≤  π/2 by:
F (wt) =  XI
for (I − 1) τ ≤ wt ≤  I  τ and I  = 1, 2, . . ., N
The Fourier series expansion of F(wt) is an odd-sines series given by:
F (wt) =
m=∞∑
m=0
V2m+1 sin(2m  + 1)wt, where
V2m+1 = ( 4
π
)
∫ π/2
0
F (wt) sin(2m  + 1)wt dwt
= ( 8
π
(2m  + 1))
I=N∑
I=1
{
XI sin(2m  + 1)τ
2
sin(2m + 1)(I + τ
2
)
} . (1)
where (2m + 1) is the order of the harmonic, m = 0,1, 2,.  .  ., ∞, τ = π/2N, and ФI = (I  − 1) τ.
The value of the amplitude of main harmonic corresponds to V1, and is obtained by substituting m = 0 in Eq. (1).
Eq. (1) shows that V2m+1 for any value of m is a linear function of the integer values XI , I = 1,2,.  .  ., N.
Variations of the values of XI from a subinterval to a next one determine the required switching angles of the inverter
from one level to another, similar to the angles θ1–θ3 of Fig. 2.
It is required to find the values of XI that minimize the values of some undesired harmonics. A mixed integer linear
programming (MILP) problem is formulated as follows (El-Bakry, 2010):
Minimize ε, subject to the constraints:
∗  V ′1 −  Δ  ≤  V 1 ≤  V ′1 +  Δ (2)
∗  −ε  α2m+1 ≤  V 2m+1 ≤ ε α2m+1, for each undesired harmonic of order (2m  + 1) (3)
∗ XI ≤  XI+1, forI  = 1, 2,  . .  ., N  − 1, (4)
∗ XN ≤ L (5)
∗ XI ≥ 0 and integerforI  = 1, 2,  . .  ., N (6)
In the main harmonic constraint (2) V′1 is the required amplitude of the main harmonic. 	 is a small incremental
value, 	  V′1, arbitrary chosen and included in the main harmonic constrain to ensure obtaining an optimum solution,
since an equality constraint may give a high value of ε or even an unfeasible solution, due to the trigonometric nature
of the constraints. The value of 	 is taken so small, that the obtained value of V1 does not differ practically from the
′Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
required value of V 1.
In constraints (3) V2m+1 is given by Eq. (1), for the undesired harmonics, and α2m+1 is a weighting factor for the
undesired harmonics, to enable reduction of the absolute values of the harmonics with different upper bounds according
to their order.
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By constraints (4) and (5) the positive staircase wave form shape is assured with maximum height L, where L is the
aximum probable number of positive voltage levels of the inverter.
Constraints (6) are the integer constraints on XI .
Once all the parameters of this MILP model are given, an optimum solution could be obtained that gives the values of
I and ε using any of the well known operations research software packages, e.g., “LINGO” software (Lindo Systems
nc., 2004).
When solving this basic model under some disturbances in the input dc sources it may be needed to modify the
odel, as given in the next section.
. Modifying the basic model for some disturbance cases in the dc sources
Some disturbances in the dc sources could be analyzed using the basic MILP model given in Section 2, so long as
he CMLI keeps its uniform step nature. When disturbances happen unequally for some of the dc sources, the 43-level
MLI must be treated as an inverter with unequal dc sources (El-Bakry, 2011), or as a non-uniform step inverter
El-Bakry, 2012), where the steps of the staircase output voltage wave form have unequal highs. For these cases the
asic MILP model given in Section 2 is modified by replacing the integer constraints (6) imposed on the values of XI
y the constraints:
XI =
J=S∑
J=1
EJ (pIJ − 1) and : pIJ = 0, 1 or 2,
XI ≥ 0, I  = 1, 2, ...,  N, and : J  = 1, 2, ...,  S...
(7)
The values of the dc sources are given by EJ , where J = 1, 2,. . ., S, and S is the number of the dc sources. According
o the values of PIJ : 2, 1, or 0, obtained by solving the model, the values of XI are determined.
When solving these MILP models, they will include formulas for calculating the exact total harmonic distortion
THDE) and the upper limit of the amplitude of any undesired harmonic relative to the amplitude of the main harmonic
%VHmax), to compare these with the required IEEE standards for voltage distortion limits.
These formulas are given in the next section.
. Formulas for calculating %THDE and %VHmax of the undesired output harmonics
.1. The formulas for calculating the %THDE
The exact total harmonic distortion (%THDE) including all possible undesired harmonics is given by:
THDE =
[
m=∞∑
m=1
{
V2m+1
V1
}2]0.5
(8)
The value of THDE could be obtained from the solution of the MLIP model, after obtaining the values of XI using
he following expressions (El-Bakry, 2014b):
For single phase CMLI, the output phase voltage THDE is given by:
THDE =
⎡
⎢⎢⎢⎢⎢⎣
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
(
1
N
)
(
I=N∑
I=1
XI
2)
V1rms
2
⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭
− 1
⎤
⎥⎥⎥⎥⎥⎦
0.5
(9)Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
For a balanced three phase CMLI, the output phase voltage THDE is given by, assuming that N is a multiple integer
of 3:
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THDE =
⎡
⎢⎢⎢⎢⎢⎣
⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩
(
1
2N
)
(
I=2N∑
I=1
ZI
2)
V1rms
2
⎫⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎭
− 1
⎤
⎥⎥⎥⎥⎥⎦
0.5
(10)
where:
ZI = XI −YI for I = 1, 2,.  . ., N.
ZI = XXI −YYI for I = N + 1,.  .  ., 2N.
YI = −X(2N/3)+1 for I = 1, 2,.  . ., N/3.
YI = −X(4N/3)−1 for I = (N/3) + 1,.  . ., N.
XXI = X2N+I−1 for I = N + 1,.  . ., 2N,
YYI = −X(4N/3)+I−1 for I = N + 1,.  . ., 4N/3.
YYI = XI−(4N/3) for I = (4N/3) + 1,.  . ., 2N.
4.2. The formula for calculating the %VHmax
To calculate the upper limit of the amplitude of any harmonic among all the undesired harmonics relative to the
amplitude of the main harmonic (%VHmax), the MILP model is programmed to calculate first the amplitude of the
harmonics V2m+1 till the 91st harmonic, i.e., till m = 45, then the following values are calculated:
1 The maximum amplitude value among all the undesired low order harmonics till the 91st harmonic (%VLH) relative
to the amplitude of the main harmonic:
VLH = maxm=1,...,45
(
V2m+1
V1
)
(11)
2 The total harmonic distortion (%THD91) of the low order harmonics calculated till the 91st harmonic:
THD91 =
[
m=45∑
m=1
{
V2m+1
V1
}2]0.5
(12)
3 The rout of the sum of squares of the amplitudes of all the high order harmonics above the 91st harmonic relative to
the square of the amplitude of the main harmonic (%VHH) is calculated by using the expression (El-Bakry, 2014b):
VHH = [THDE2 − THD912]0.5 (13)
From (11) and (13) an upper limit of the amplitude of any harmonic among all the undesired harmonics relative to
the amplitude of the main harmonic (%VHmax) is taken as:
VHmax = max (VLH, VHH) (14)
In the next sections when the MILP models are applied, the values of the %THDE and the %VHmax are calculated
and compared with the IEEE Standards 519-1992 for voltage distortion limits for both the %THDE and the %VHmax
(IEEE Standard 519-1992), which put the following limits (IEEE Standard 519-1992, 1993):
For output voltages ≤69 kV, the %THDE must be ≤5% and the %VHmax must be ≤3%.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
For output voltages between 69 kV and 161 kV, the %THDE must be ≤2.5% and the %VHmax must be ≤1.5%.
In the next sections, the basic model is solved for single phase and three phase cases to obtain a normal operation
output voltage amplitude under normal values of the dc sources. Then the model is solved when these dc values are
subject to some disturbances, which will need in some cases to solve the model modification given in Section 3.
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a. Solution of the model for the 43-level single phase CMLI
.1. Selecting an output voltage amplitude for normal operation
It was found in Khoucha et al. (2011), that minimizing the undesired odd harmonics equally till the 45th harmonic
ives very low values of the %THDE over wide voltage range. The basic model is solved using the voltage constraint
2) for some values of V′1 between 9 and 22, taking 	 = 0.2, to obtain the switching angles of the inverter that minimize
he odd harmonics equally from the 3rd till the 45th harmonic. Fig. 4 shows for each value of V1, that correspond to
′
1 = 9,.  .  ., till 22, the value of %THDE, given by Eq. (9), and the value %VHmax, given by Eq. (14). It shows that the
THDE is less than 5% and that the %VHmax is less than 3% over a wide voltage range, which agrees well with the
EEE Standard 519-1992 for voltage distortion limits in power systems, for output voltages ≤69 kV (IEEE Standard
19-1992, 1993).
It will be assumed that normal operation requires to produce an output voltage amplitude V′1 = 18, to allow for
oltage regulation under different probable disturbances in the input dc sources.
The detailed solution of the model at V′1 = 18 is given next, taking the number of subintervals N = 720. The value of
THDE = 2.53% and of %VHmax = 1.75%. For this value of V1, Fig. 5 shows the obtained values of XI . Fig. 6 shows
he obtained percentage values of the harmonics relative to the main harmonic from the 3rd till the 91st harmonic, and
2% of the main harmonic.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
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Fig. 5. Values of XI that give V′1 = 18.
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5.2. Solutions under fluctuating values of the dc sources
The dc sources of the CMLI may be originated from a single dc source, or from separate dc sources, which may
be renewable energy sources with values that are subject to natural fluctuations. In the following, it is assumed that all
the dc sources of the 43-level CMLI are subject to fluctuation within about ±20% of their nominal values. As a result,
the voltage levels of the inverter will fluctuate accordingly. The MILP model is solved assuming the following:
∗ Taking in constraint (2), the output voltage amplitude value V1′ = 18, and its value is allowed to deviate within
±5%, i.e., taking 	 = 0.9. Noting that the IEEE standards for allowable fluctuations in the output voltage for electric
services is ±5% (Entergy Corporation, 2008).
∗ The variable XI , that represents the value of the voltage level at each subinterval I, must reflect the assumed
fluctuations in the dc sources. If all the dc sources vary between 78% and 125% of their nominal value, then the
value of XI will vary accordingly. To introduce this fluctuations in the model, the value XI is replaced by values
between 0.78 XI and 1.25 XI in Eq. (1) for V2m+1, for V1 (m = 0) and all the next harmonics (m > 0).
Fig. 7 shows the values of V1, THDE% and %VHmax obtained by solving the model under the assumed fluctuations
in the dc sources. The output voltage amplitude remains regulated within ±5%, of its value, and the harmonic distortion
values are within the acceptable limits.
It should be noted that when only some of the dc sources, not all, fluctuate within ±20% of their nominal values,Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
then the modification given in Section 3 must be introduced for solving the model to get the corresponding switching
angles. However it is expected that a solution satisfying the regulation limits could be obtained, since the disturbance
will be less than that considered above.
0
5
10
15
20
1251201151101051009590858075
% of dc sources
% THD % VHm V1
Fig. 7. Values of V1, %THDE and %VHmax under disturbances.
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Table 1
Results with some dc sources values below 80% (S means identical value with the upper value).
Case E1 E2 E3 E4 V1 %THDE %VHmax
1 1 2 7 9 18.18 2.42 1.65
2 1 2 5 11 S S S
3 1 2 6 10 S S S
4 1 2 7 8 18.11 2.41 1.61
5 1 2 4 11 S S S
6 1 2 6 9 S S S
7 1 1 5 11 S S S
8 1 2 7 7 17.15 2.69 1.74
9 1 2 3 11 S S S
10 1 2 6 8 S S S
11 1 2 5 9 S S S
12 1 1 5 10 S S S
13 1 2 7 6 17.10 9.68 3.25
14 1 2 2 11 S S S
15 1 2 5 8 S S S
16 1 2 4 9 S S S
17 1 1 6 8 S S S
18 1 1 5 9 S S S
19 0.6 1.2 4.2 10.8 17.1 2.72 1.53
20 0.5 1 3.5 11 17.1 9.40 3.75
21 0 2 6 10 18.47 6.72 2.10
5
E
a
s
o
d
≤
t
–
–
–
–
–.3. Solutions when some dc sources drop below 80% of their nominal values
Table 1 shows the results obtained by analyzing 21 cases, where one or more of the values of the four dc sources
1, E2, E3 and E4 drop below 80% of their nominal values. For each case the table gives the values of the dc sources
nd the corresponding obtained values of V1, %THDE and %VHmam when solving the MILP models.
From Table 1 it is noted that the results of cases 2 and 3 are identical with the results of case 1. It is noted that the
um of the values of the dc sources in these cases are equal. Similarly the results of cases 5–7 are identical with results
f case 4 and the results of cases 9–12 are identical with case 8 and the results of case 14–18 are identical with case 13.
All the first 12 cases of Table 1, in addition to case 19, satisfy the required output voltage value with voltage
istortion limits on both the %THDE and the %VHmax satisfying the IEEE Standard 519-1992, for output voltages
69 kV. From Table 1, the following comments could be drawn about voltage value drops in the dc sources satisfying
hese requirements:
When E1–E3 are kept at their nominal values, the value of E4 is allowed to drop from 11 till 7, referring to the cases
1, 4, 8. Case 13 shows that if the value of E4 drops to 6 the required output voltage could be obtained but at higher
%THDE.
When E1, E2 and E4 are kept at their nominal values, the value of E3 is allowed to drop from 7 till 3, referring to the
cases 2, 5, 9. Case 14 shows that if the value of E3 drops to 2 the required output voltage could be obtained but at
higher %THDE.
When E1 and E2 are kept at their nominal values, the values of E3 and E4 are allowed to drop simultaneously till
the values given in case 3, 6, 10 and 11. Cases 15 and 16 show the results for less values of E3 and E4 where the
required output voltage could be obtained but at higher %THDE.
When E1 is kept at its nominal value, the values of E2–E4 are allowed to drop simultaneously till the values given in
cases 7 and 12. Cases 17 and 18 show the results for less values of E2–E4 where the required output voltage could
be obtained but at higher %THDE.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
All the dc sources values are allowed to drop simultaneously to the values given in case 19. Cases 20 and 21 give
the required output voltage but at higher %THDE.
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6. Solution of the model for the 43-level three phase CMLI
Assuming a balanced three phase operation, the triplen odd harmonics, i.e., the 3rd, 9th, 15th, and so on, are self
cancelled in the output line voltage. The procedure carried out in Section 5 with single phase asymmetric CMLI is
repeated while excluding the triplen odd harmonics, as follows:
6.1. Selecting an output voltage amplitude for normal operation
It was found in Khoucha et al. (2011) that minimizing the undesired odd harmonics equally till the 55th harmonic
gives very low values of the %THDE over wide voltage range. The basic model is solved using the phase voltage
constraint (2) for some values of V′1 between 11 and 25, taking 	 = 0.2, to obtain the switching angles of the inverter
that minimize the odd harmonics equally from the 3rd till the 55th harmonic and taking the number of subintervals
N = 720. Fig. 8 shows for each value of V1, that correspond to V′1 = 11,.  . . till 25, the value of %THDE, given by Eq.
(10), and the value %VHmax, given by Eq. (14) (El-Bakry, 2014a). It shows that the %THDE is less than 2.5% and
that the %VHmax is less than 1.5% over a wide voltage range, which agrees well with the IEEE Standard 519-1992 for
voltage distortion limits in power systems, for output voltages ≤161 kV (IEEE Standard 519-1992, 1993).
It will be assumed that normal operation requires to produce an output voltage amplitude V′1 = 20, to allow for
voltage regulation under different probable disturbances in the input dc sources.Please cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
The detailed solution of the model at V′1 = 20 is given next, taking the number of subintervals N = 720. The value of
%THDE = 1.62% and of %VHmax = 1.29%. For this value of V1, Fig. 9 shows the obtained values of XI . Fig. 10 shows
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Fig. 9. Values of XI that give V′1 = 20.
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he obtained percentage values of the harmonics relative to the main harmonic from the 3rd till the 91st harmonic, and
2% of the main harmonic.
.2. Solutions under fluctuating values of the dc sources
In the following, it is assumed that all the dc sources of the 43-level CMLI are subject to fluctuation within ±25%
f their nominal values. As a result, the voltage levels of the inverter will fluctuate accordingly. The MILP model is
olved assuming the following:
Taking in constraint (2), the output voltage amplitude value V1′ = 20, and its value is allowed to deviate within ±5%,
i.e., taking 	 = 1.0.
The variable XI , that represents the value of the voltage level at each subinterval I, must reflect the assumed
fluctuations in the dc sources. If all the dc sources vary between 75% and 125% of their nominal value, then the
value of XI will vary accordingly. To introduce this fluctuations in the model, the value XI is replaced by values
between 0.75 XI and 1.25 XI in Eq. (1) for V2m+1, for V1 (m = 0) and all the next harmonics (m > 0).
Fig. 11 shows the values of V1, %THDE and %VHmax obtained by solving the model under the assumed fluctuations
n the dc sources. For fluctuations in all the dc sources between 77% and 125% the output voltage amplitude remainsPlease cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
egulated within ±5%, of its value, and the harmonic distortion values are within the acceptable limits.
It should be noted that when only some of the dc sources, not all, fluctuate within about ±20% of their nominal
alues, then the modification given in Section 3 must be introduced for solving the model to get the corresponding
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Fig. 11. Values of V1, %THDE and %VHmax under disturbances.
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Table 2
Results with some dc sources values below 80% (S means identical value with the upper value).
Case E1 E2 E3 E4 V1 %THDE %VHmax
1 1 2 7 9 19.67 1.50 1.28
2 1 2 5 11 S S S
3 1 2 6 10 S S S
4 1 2 7 8 20.26 1.49 1.05
5 1 2 4 11 S S S
6 1 2 6 9 S S S
7 1 1 5 11 S S S
8 1 2 7 7 19.68 1.58 1.11
9 1 2 3 11 S S S
10 1 2 6 8 S S S
11 1 2 5 9 S S S
12 1 1 5 10 S S S
13 1 2 7 6 19.00 4.93 1.75
14 1 2 2 11 S S S
15 1 2 5 8 S S S
16 1 2 4 9 S S S
17 1 1 6 8 S S S
18 1 1 5 9 S S S
19 0.6 1.2 4.2 10.8 19.44 1.67 1.03
20 0.5 1 3.5 11 19.0 4.64 1.75
21 0 2 6 10 20.74 3.49 1.58
switching angles. However it is expected that a solution satisfying the regulation limits could be obtained, since the
disturbance will be less than that considered above.
6.3. Solutions when some dc sources drop below 80% of their nominal values
Table 2 shows the results obtained when analyzing the same 21 cases analyzed for single phase CMLI in Table 1 of
Section 5.3.
From Table 2 it is noted that the results of some cases are identical, exactly as in Table 1.
All the first 12 cases of Table 2, in addition to case 19, satisfy the required output voltage value with voltage
distortion limits on both the %THDE and the %VHmax satisfying the IEEE Standard 519-1992, for output voltages
≤161 kV. From Table 2 the voltage value drops in the dc sources satisfying these IEEE requirements, are identical
with that given in Section 5.3 for output voltages ≤69 kV. The comments given in Section 5.3 about Table 1 could be
applied as well for Table 2.
7. Conclusions
This paper introduces the 43-level CMLI as a suitable interface unit between renewable energy sources and the smart
grid, where these sources represent the input dc sources of the inverter. The switching angles of the power switches
of this inverter are calculated using a MILP optimization model that minimizes the absolute values of the low order
harmonics. This model has shown the following advantage:
1. It provides accurate calculations of the values of %THDE and %VHmax over all the frequency band under different
conditions.
2. The solution of the model produces a nearly sinusoidal output voltage wave form under the nominal values of the
dc sources, that agree with the IEEE Standard 519-1992 for voltage distortion limits in power systems, for outputPlease cite this article in press as: El-Bakry, M., Interfacing renewable energy sources to the ac grid by a 43-level CMLI with
many advantages. J. Electr. Syst. Inform. Technol. (2016), http://dx.doi.org/10.1016/j.jesit.2015.11.015
voltages ≤69 kV for single phase inverter, and for output voltages ≤161 kV for three phase inverter (El-Bakry,
2014b).
3. Solutions are given, that show a regulated output voltage, deviating within ±5%, for fluctuations in the dc sources
within ±20% of their nominal values while keeping low values of the %THDE of the output voltage.
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. Examples of some other probable disturbances, including dropping in the of the values of some dc sources by less
than 80%, are analyzed, and many cases show that regulated output voltage still could be obtained.
Noting that under each disturbance case in the dc sources, the proposed MILP model should be resolved to determine
he corresponding switching angles of the power switches of the inverter, or its modification when the disturbance causes
non-uniform step output voltage wave form.
However, the solution time of the MILP for the 43-level CMLI, under some disturbance cases, on a usual personal
omputer may take large time, specially when applying the model modification given in Section 3 since it includes
arger number of integer variables. In these cases, the solution time may be reduced greatly when using a high speed
omputer, which makes it possible to perform on line adaptation with dc sources disturbances. In addition, looking-up
ables for the switching angles of the inverter for frequently repeated fluctuation cases may be stored to be applied
irectly when needed.
Using the 43-level CMLI as an interface unit between renewable energy sources and the smart grid will help in
egulating the output voltage obtained from these sources under many probable disturbances, and this leads to more
tability in the grid and reduce the amounts of standby energy storage needs and their associated costs.
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